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Oxidative burst (OB) response in human ncutrophils. measured with chcmiluminesccncc (CL), has been used to dcterminc whether pulsed electric 
current (PEC) might induce a functional response in these lectrically nonexcitable cells, and also whether it might modify cellular response to 
tumor-promoting pborbol ester (PMA). Five minutes of PEC lreatmcnt caused no significant chanBcs in ncutrophil CL levels in HBSS (I.2 mM 
Ca” concentration) aa well as in HBSS-EGTA, where the extracellular Ca2+ concentration was reduced to less than 30 nM. The CL level of 
PMA-activated neutrophils in HBSS was 52% higher than in HBSS-EGTA. In HBSS the CL Icvcl, after the combined PMA and PEC treatment, 
was 53% higher than in PMA-alone-treated ncutrophils. Activation of the OB in HBSS-EGTA with PMA and PEC was 15% higher than in solely 
PMA treated neutrophils. The results uggest that in ncutrophil OB response, the PEC effect is closely rclatcd with cellular calcium mobilization, 
since deplction of extracellular Ca”’ decreased tbc PEC effect. 
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I. INTRODUCTION 
The polymorphonuclear leukocytes (neutrophils) 
represent he front line of the internal body defense 
against pathogenic microorganisms. Microbial invasion 
stimulates neutrophils to respond more hastily. Aug- 
mented activities include chemotaxis, phagocytosis, di- 
gestion, degranulation, aggregation, and intracellular 
killing. The intracellular killing depends considerably 
on the neutrophil NADPH-oxidase system which leads 
to oxidative burst (OB), i.e. production of microbicidal 
oxidants (O;, H201, OH’, etc.) [l]. 
The OB is triggered by the activation of protein ki- 
nase C (PKC), an enzyme involved in a variety of cellu- 
lar responses. It is physiologically activated as the result 
of receptor-mediated inositol phospholipid turnover. 
The phorbol ester (PMA), for which PKC is a cellular 
target, elicits various responses from many quiescent 
cells similar to responses to growth factors, hormones 
and neurotransmitters. Treatment of neutrophils with 
PMA elicits OB and degranulation [2]. This biological 
expression of cell activation can be traced to, or at least 
regulated by, the movement of various ions across the 
plasma membrane, which results in changes in intracel- 
lular pH, membrane potential, and cytosolic free Ca’* 
levels [3-73. 
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Electrically induced nerve and muscle cell excitation 
has been found to be a clinically relevant procedure 
applied in diagnostic, therapeutic and functional electric 
stimulation [8,9]. Various effects of electric and electro- 
magnetic treatment were also observed in electrically 
nonexcitable cells (for review see [LO]) and tissues e.g. 
in wound- [I 1,121 and bone- [13] healing and in tumor 
growth retardation [14]. 
The intention of the present study was to determine 
whether the pulsed electric current (PEC) that elicits 
functional response in electrically excitable cells [S], 
might also affect functional response in electrically non- 
excitable cells. PEC combined with the known activator 
PMA was used in the model of neutrophil OB measured 
with luminol-enhanced chemiluminescence (CL) which 
is an effective analytical technique for the estimation of 
the OB response of phagocytic ells [15]. Experiments 
were performed in the absence or presence of the Ca” 
chelator, EGTA. 
2. EXPERIMENTAL 
PMA, luminol (S-amino-2,3-dihydro-,4-phthalazincdionc), HBSS
and DMSO were obtained from Sigma (St. Louis. USA). The chcmi- 
cals for moditid MUSS (HBSS-EGTA), i.e. Ca?‘-free HBSS with 3 
mM EGTA. were obtained from Merck (Carmstadt. Germany). PMA 
ond luminol were dissolved in DMSO and added to the cell suspension 
to give a final concentration of 3pM PMA, IOpM luminol and 0.1% 
DMSO {v/v) in HBSS or HBSS-EGTA. tespectivcly. The concentra- 
tion of ionized calcium in HBSS-EGTA, measured by fluorescent 
calcium indicator fura- 1161, was less than 30 nM. 
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2.2. Blood satttph 
Venous blood (5 ml) was mkcn from healthy adulls (IS-45 years 
old) into heparinized (50 IU) tubes. Samples were used lo assess 
neutrophil aclivalion without any other manipulation. Their homuto- 
logical chardclcristics, such as the leukocyte count (Couhcr Counlcr, 
USA), ihe differential count and erythrocytc sedimentalion ralc. wcrc 
within normal range [l7]. With regard to aclivation Irealment. blood 
samples were divided into four groups in HBSS and four groups in 
MBSS~EGTA: control, PEC, PMA and PMA and PEC At ihe bcgin- 
ning, 200 yl of heparinized blood was resuspended in 400 ~1 HBSS OI 
HBSS-EGTA. The samples in the comrol groups were treated neiLher 
with PMA nor with PEC. In the PEC groups, samples were trealed 
with electric current alone. In the PMA groups. samples wcrc Welled 
with PMA solution. In the PMA and PECgroup. samples were treated 
with PMA and electric currenl. During treatment, samples of all 
groups were shaken in cuveltes with electrodes, Each experimcnlal 
group consisted of 20 samples. Experiments were performed at room 
temperature (22°C). 
2.3. Neusopphil cxidurtve txrrsr ucriwiott 
A 3 /rM final ConcCnlration of PMA in HBSS and in HBSSEGTA 
was used for chemical in vitroactivalion ofOB. For electric trcalmcm. 
four second [rains of biphasic, asymmetrical, charge-balanced pulses, 
separated by four second pauses were used. The pulse amplitude was 
20 mA, frequency 40 He, and the pulse duration 0.25 ms. PEC was 
applied for 5 min throu&h Pt-Ir (90-10%) elecctrodrs dircclly immersed 
in suspension. During trealment, signals were monitored by current 
probe/oscilloscope combination (Tektronix P604217704. USA). All 
hematological parameters listed above were checked after treatment 
with PEC. Neither 5 min nor CiO min of PEC caused significant 
changes. Also, PEC treatment did not cause an appreciable difference 
in the samples, either in pH (measured by minialure glass electrode - 
model M1-408; Microclcclrodes Inc.. USA and pH-meter model - 
I-IEK 0301; ISKRA Horjul, Slovsnia) or in iemperalure (measured by 
NiCr- Ni thermosensor model TKl27and thermometer model - 2280. 
8; boll1 AMR, Holzkirchen. Germany). 
CL was measured on a LKB-Wallac 1250 luminometcr in polysty 
rene measuring cuvettes (Clinicon, Finland). After panicular activa- 
tion, or control treatmenl, 400 yl of luminol solulion in HBSS or 
HBSS-EGTA were added to euch cuvct1e. The cuvcLtes were then 
transferred into the counting chamber and the resuhs expressed in mV 
are the mean values of measurements lasting for Len seconds. The CL 
level before and the CL level aher 5 min treattncnt were chosen as the 
main estimalion values. The significance of the resulls was analyzed 
by a paired Student’s r-test. 
3. RESULTS 
3.1. Treatment in HBSS 
Control and PEC treatment induced no significant 
changes in CL levels (Fig. I). According to subjects 
specificity, PMA activation caused different CL re- 
sponse levels, but all were within the normal response 
range [18]. In the PMA and PEC group the CL levels 
were (53 2 7)% (mean 1 SE.; n =20) higher than in the 
PMA group. The difference was statistically significant 
at a high level of confidence (P e 0.0003). Immediately 
after treatment, the PEC effect was greatest but wirh 
time it was gradually eliminated (results not presented). 
3.2. Trmtment in HBSS-EGTA 
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Fig. I. The 5min Irentmenl effect of 20 mA amplitude PEC, 3 PM 
PMA and a combination of it, on neutrophil oxidalivc burst measured 
wilh chemilumincsccnce in HBSS. The resulls are mean C S.E. of 20 
samples. The difference between PMA and PMA and PEC Ircaimenl 
was shown to be slatislically signilicant by a paired Student’s I-test. 
significant changes in CL levels (Fig. 2). Deplction of 
extracellular Ca’+ suppressed the PMA effect on OB. 
The CL levels of PMA-activated cells in HBSS-EGTA 
was (48 + 3)% of the CL levels in the PMA group in 
HBSS. Activation of OB in HBSS-EGTA, with a com- 
bination of PMA and electric current (PMA and PEC 
group), was also lower compared to the same treatment 
in the HBSS. In the HBSS-EGTA the CL levels in the 
PMA and PEC group were only (13 1- 3)% higher than 
the CL levels in the PMA group which, however, the 
difference was still highly significant (P c O.OOOS), 
4. DISCUSSION 
The observed increases in CL levels in the PMA and 
PEC groups compared to PMA groups were not due to 
ionization by electric current (0, + e- 3 0; and O2 + 
2 Hz0 + 2 e- + l-1,0-, + 2 OH-), since no increases were 
noticed in the PEC groups, Since no changes were noted 
in pH and temperature of samples after PEC treatment 
(data not shown), it was possible to eliminate thermal 
and pH effects of applied electric current. To confirm 
that PEC did not affect PMA structure more than neu- 
trophils, PMA solutions were treated, or not, with PEC 
for 5 min. then added to blood samples and the CL test 
performed. There were JKJ appreciable differences in the 
CL levels between samples (data not shown). The possi- 
bility that a more potent OB response is due to electric 
importation of PMA into cells is not, however, com- 
pletely eliminated; but the stimuli amplitude we used 
was at ieast ten times smaller than in stimuli commonly 
used for electroporation [ 191. 
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Fig. 2. The 5-min treatment el’fcct of 20 mA amplitude PEC, 3 yM 
PMA and a combination of it, on ncutrophil oxidative burst measured 
with chcmilumincscence in HBSS-EGTA. The results arc mean + SE. 
of 20 samples. The difference between PMA and PMA and PEC 
treatment was shown to be statistically significant by a paired Stu- 
dent’s f-te81. 
The results suggest hat in neutrophils, PEC does not 
elicit ihe OB response by itself, but might modify it in 
combination with chemical stimuli (PMA). A similar 
relation was also observed in some other immune rcle- 
vant cells. In lymphocytes, using a combination of 
pulsed electromagnetic fields and phytohaemagglutinin 
(PI-IA), enhanced proliferation was observed [20]. In 
natural killer cells, tumoricidal activity was potentiated 
by a combination of direct electric current and inter- 
leukin-2 (IL-Z) [21]. Evidence also exists that the sinu- 
soidal electric field alone did not affect calvarial bone 
cells, but that it did diminish the neomycin suppressive 
action on phospholipid turnover [22]. 
Our results do not unequivocally indicate the mecha- 
nism by which human neutrophils respond to the PEC. 
However. some predictions can be made. Stimulated 
production of microbial oxidants in neutrophils is 
mainly mediated by the synergistic action of PKC acti- 
vation and Ca” mobilization [23]. These membrane- 
mediated processes might be candidates for the PEC 
interactions. Although there are reports dealing with 
nerve cells in which high-frequency electric currents 
have affected phospholipids turnover [24] and translo- 
cation of PKC [25], our results suggest that in the neu- 
trophil OF3 response, the PEC effect is tightly connected 
with Ca’+ mobilization. Ca?’ mobilization occurs by 
releasing Ca” from internal stores, which is mainly due 
to inositol trisphosphate (IP,), the product of phosphol- 
ipids turnover, and by Ca” influx from extracellular 
space. It is more likely that the PEC effect on OB acti- 
vation was mostly due to influx from extracellular 
space, since depletion of extracellular Ca” highly sup- 
pressed the PEC effect. 
Evidence xists that electromagnetic f elds affect Ca?l’ 
ion transmembrane transport (for review see 1261). 
Robinson theoretically described changes of Cal+ trans- 
membrane fluxes through voltage-gated and leak Ca” 
channels due to external direct electric urrent applica- 
tion [27]. The PEC we used may also act on other Ca?’ 
transport mechanisms. Leonard reported that direct 
electric urrent afftits Ca’+-ATPase activity [28], which, 
in addition with the Na*/Ca’+ exchange system, is the 
part of the negative feedback control of PKC activation 
[7]. We cannot exclude other possible PEC involvements 
in signal transduction e.g. PEC might affect ligand- 
receptor binding interaction, surface charge, some other 
ion transmembrane transport and the intracellular level 
of cyclic AMP, since these effects were determined by 
different electric and electromagnetic treatments [29- 
341. 
Finally, our results suggest that a pulsed electric ur- 
rent might stimulate functional response in ‘electrically 
nonexcitable’ cells. This stimulation is closely related 
with Ca” mobilization, but the exact regulatory path- 
ways of the PEC remain to be investigated. The neutro- 
phi1 06 model seems to be appropriate for such a study. 
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